Weyl meson and its implications in collider physics and cosmology by Kashyap, Gopal
ar
X
iv
:1
20
7.
61
95
v2
  [
he
p-
ph
]  
12
 Ja
n 2
01
3
Weyl meson and its implications in collider physics and cosmology
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Local scale invariant theory leads to the existence of a new particle called the Weyl vector meson.
We study a generalized Standard Model, which displays local scale invariance. The model contains
a real scalar field, besides the Higgs multiplet and coupling between the Higgs and Weyl meson. For
certain range of coupling parameters, the Weyl-Higgs coupling leads to interesting phenomenon in
particle colliders as well as in cosmology. Here we study the signature of the Weyl meson in particle
colliders and determine the range of coupling parameters for which it can solve the dark matter
problem.
I. INTRODUCTION
One of the major unsolved problems in modern physics
is the dark matter and the dark energy. The idea of dark
matter came up with the discovery of inconsistency in
galactic rotation curves and in analysis of galaxy clusters
[1–4]. Whereas, the dark energy is required in order to
explain the accelerated expansion of the Universe[5, 6].
Observations shows that 23% of total energy density of
the Universe is in the form of dark matter, 72% is dark
energy and rest is ordinary matter[7]. All of our scien-
tific studies are related with this ordinary visible mat-
ter, which is a very small fraction of the Universe. The
dark components of the Universe are still not well under-
stood. There are many theoretical models dealing with
dark energy, but here our main concern is the dark mat-
ter. There currently exist many dark matter candidates
[8–12]. One interesting possibility is the Weyl meson
which arises naturally in local scale invariant theories.
This symmetry was introduced by H. Weyl in 1929 [13],
and the gauge particle associated with this symmetry is
called the Weyl meson. Local scale invariance has been
reviewed by many authors [14–24] and the mechanism for
breaking this symmetry has been discussed in Refs. [25–
27]. In Refs. [28, 29], it has been shown that the Weyl
meson acts as a dark matter candidate in a locally scale
invariant generalization of the Standard Model. Cosmo-
logical implications of Weyl meson in this theory, which
contains only one Higgs doublet, have been studied in
[25, 30–32]. But in this model Higgs particle get elimi-
nated from the particle spectrum, which leads to viola-
tion of perturbative unitarity beyond electroweak scale,
as shown in Refs. [33, 34]. Hence this model needs to be
generalized.
In Ref.[35] a generalization of this model has been pro-
posed by including an additional real scalar field χ. In
this generalized locally scale invariant Standard Model,
the Higgs like particle remains in the physical spectrum
and also couples directly with the Weyl meson. This
model respects the unitarity condition and hence is per-
turbatively stable. The phenomenological implications
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of this model are also very interesting and need to be
studied in detail, which is the main motive of this work.
In this paper we started with the model described in
Ref.[35], which contains the coupling between the Weyl
meson and the Higgs boson. The Weyl meson, which
interacts only with the Higgs particle and no other SM
particle, may serve as a good candidate for the dark mat-
ter. To strengthen this possibility we have to look for the
processes, involving the Weyl meson, at the colliders and
also in the Universe. The coupling strength, which plays
a crucial role in all these processes, is determined by the
free parameters of the theory, f and β1. We write the
parameter f in the term of Weyl meson’s mass MS as,
MS ≈ fmpl . Now our free parameters are β1 and MS .
For the model introduced by Cheng [28], there is a cos-
mological constraint on the mass of the Weyl meson as
shown in Ref.[31]. Here we do not consider any unitarity
bound on the mass of Weyl meson. Our main goal in this
paper is to put some constraint on the value of coupling
parameters β1 and massMS so that the Weyl meson can
act as a suitable dark matter candidate.
This paper is organised as following. In Sec. II we start
with generalized local scale invariant Standard Model
and write down the interaction Lagrangian for Weyl me-
son. We discuss the implications of Weyl meson at collid-
ers. For that we calculate the Higgs production cross sec-
tion at Large Hadron Collider (LHC) by including these
interaction term. In Sec. III we consider the Weyl meson
as dark matter candidate and find the possible values of
parameters for which it has relic density equal to dark
matter energy density. In Sec. IV we further constrain
these values by demanding the life time of Weyl meson
to be equal or greater than the age of Universe. Finally
we conclude in Sec. V.
II. WEYL MESON AND HIGGS BOSON
PRODUCTION AT LHC: IMPLICATION OF
GENERALIZED LOCAL SCALE INVARIANT
STANDARD MODEL
The action for the generalized locally scale invariant
Standard Model, including an additional real scalar field
2χ, may be written as [35, 36]
S =
∫
d4x
√−g¯
([
β
8
χ2 +
β1
4
H†H
]
R¯′
+g¯µν (DµH)† (DνH) + 1
2
g¯µν (Dµχ) (Dνχ)
−1
4
λχ4 − 1
4
λ1
[
2H†H− λ2χ2
]2)
(1)
Here H is the Higgs doublet denoted as H = H0+ Hˆ, H0
is the classical solution to the Higgs field, given as
H0 = 1√
2
(
0
v
)
. (2)
We can parameterize the Hˆ in such a way that only its
φ3 component is non-zero. The scale-covariant curva-
ture scalar,R¯′, is defined in Ref.[37] and Dµ is the scale-
covariant derivative defined as
Dµ = ∂µ − fSµ, (3)
where f is the gauge coupling constant and Sµ is the
Weyl meson field. The field χ in this model is a singlet
under electroweak symmetry transformations. The po-
tential shown in Eq.(1) is stable due to underlying scale
symmetry and also quantum corrections will not lead to
any fine tuning problems, as shown in Ref.[36]. By mak-
ing the quantum expansion of the fields around its clas-
sical values,
χ = χ0 + χˆ, φ3 = φ3,0 + φˆ3
g¯µν = gµν + h
′
µν ,
(4)
we can extract the quadratic mass and mixing terms of
the fields. The classical value of the field χ is taken of the
order of Planck’s mass and the graviton field is redefined,
h′βα =
4√
βχ20 + β1v
2
hβα , (5)
so that its kinetic energy term gets properly normalized.
Detailed quantum treatement of this model has been dis-
cussed in Ref.[35]. There it was shown that after choosing
a proper gauge one can eliminate the mixing terms and
identify the mass term of Weyl meson as,
M2S = f
2
[
χ20
(
1 +
3β
2
)
+ v2
(
1 +
3β1
2
)]
. (6)
Remaining terms of the action can be arranged in a ma-
trix form as ΦTM2Φ/2, where
Φ =

 χˆφ3
h

 , (7)
is a scalr field triplet and M is the mass matrix of this
scalar field, which may be decomposed into unperturbed
and perturbed parts as,
M2 =M20 +∆M
2. (8)
The diagonalization of unperturbed mass matrix, con-
sidering only leading order terms, gives three eigenvalues
which can be identified with the mass of Goldstone type
mode, Higgs particle and graviton, with the eigen func-
tions as χ˜, φ˜3 and g˜, respectively. Now we can write
the action in term of these particles by inverse transfor-
mation. Here we are interested only in the interaction
terms for the Higgs and the Weyl meson. These arise
from kinetic energy term of Higgs boson and coupling of
Higgs with gravity in the action. So we can write the
interaction Lagrangian as [35],
Lint =3
4
fβ1[φ˜3
2Sµ;µ + 2vfφ˜3S
µSµ + fφ˜3
2SµSµ]
− fSµφ˜3∂φ˜3 + f2vφ˜3SµSµ + 1
2
f2φ˜3
2
SµSµ.
(9)
So far the values of parameters f and β1 are uncon-
strained. For application to collider physics, we assume
that f is sufficiently small and β1 is sufficiently large such
that fβ1 is of order unity. In this case the mass of Weyl
meson is small and it may produce observable effects at
colliders such as LHC. We only need to consider the first
term in Eq.(9). It may be represented diagrammatically
as,
q
k
H
q1
Sµ
−i3
4
fβ1k
µ
H
FIG. 1. Higgs-Weyl meson Interaction.
A. Real Weyl meson production at LHC
The Weyl meson may be produced at LHC through its
interaction with the Higgs particle. At LHC gluon-gluon
fusion is the dominant process for the Higgs production
[38, 39]. The corresponding Feynman diagram for Weyl
meson production is shown in Fig.2.
ν
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l − q1
q
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q3
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H
FIG. 2. Production of Higgs Boson and real Weyl meson at
LHC.
3Let ǫµ be the polarisation vector of the outgoing Weyl
meson, then the matrix element for this process can be
written as,
M∝ kµǫµ,
hence, ∑
|M|2 ∝
∑
|kµǫµ|2 = 0,
due to transversality condition [39, 40] for real vector
meson. Hence no real Weyl meson can be produced for
this type of interaction at colliders.
B. Virtual Weyl meson and associated Higgs boson
production at LHC
We have found that the amplitude for real Weyl me-
son production at LHC is zero. However the probability
to produce a virtual Weyl meson may not be negligible.
This might allow us to indirectly infer its presence at
LHC. Here we consider the Weyl meson produced as an
intermediate virtual particle, which gives two real Higgs
bosons as the final particles. This will lead to three Higgs
production at LHC. We consider only the leading order
diagrams of this process, shown in Fig.3
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FIG. 3. Virtual Weyl meson and three Higgs production at
LHC.
The Higgs and the Weyl meson’s propagators can be writ-
ten as [35]
Higgs boson −−−−− −i
q2 −m2H
(10)
Weyl Meson ........
−i
k2 −M2S + iǫ
(
gµν − kµkν
M2S
)
(11)
Here we write the Weyl meson’s propagator in unitary
gauge. Using these propagators the complete scattering
matrix element for this process can be written as,
M =(−igs)2(−iyt√
2
)i3Tr[tatb]ǫν(λ1, q1) ǫµ(λ2, q2)
∫
d4l
(2π)4
1
D1D2D3
Tr [(6 l+ 6 q2 +m)γµ(6 l +m)γν(6 l− 6 q1 +m)
+(− 6 l+ 6 q1 +m)γν(− 6 l+m)γµ(− 6 l− 6 q2 +m)] −i
q2 −m2H
(
−i3
4
fβ1k
α
) −i
k2 −M2S + iǫ
(
gµν − kαkβ
M2S
)(
−i3
4
fβ1k
β
)
,
(12)
where
D1 = l
2 −m2, D2 = (l − q1)2 −m2,
D3 = (l + q2)
2 −m2.
Here m is the mass of quark in the loop and the most
dominant contribution comes from the top quark. We
follow the procedure given in Ref.[41] to do the loop in-
tegration over l and get
M =M1 −i
q2 −m2H
(
−i3
4
fβ1k
α
) −i
k2 −M2S(
gµν − kαkβ
M2S
)(
−i3
4
fβ1k
β
)
,
(13)
where
M1 = a(ǫ1.ǫ2 − 2
sˆ
a(ǫ1.q2)(ǫ2.q1)
a =
m
2π2
[1 + (1− λ)f(λ)]
and ǫi = ǫµ(λi, ki) are the polarisation vector of the glu-
ons having spin state λi. We average over initial spin
state of protons and colour states of gluons. Further-
more g2s = 8παs and
yt√
2
= (
√
2Gfm
2)1/2. The colour
trace term is Tr[tatb] =
1
2
δab. After putting all these
factors and summing over spin state of gluons λ1, λ2, we
get the squared amplitude for this process as,
∑
λ1,λ2
|M|2 = Gf α
2
s sˆ
2
288
√
2π2
(
3
4
fβ1
)4 |A(λ)|2 [s12 − s212M2
S
]2
(sˆ−m2H)2(s12 −M2S)2
,
(14)
where Mandelstam variables are defined as,
sˆ = (q1 + q2)
2 = q2, s12 = (k1 + k2)
2 = k2 (15)
4and
λ =
4m2
sˆ
, β =
√
1− λ
A(λ) =
3
2
λ[1 + (1− λ)f(λ)]
f(λ) =
{
arcsin2( 1√
λ
) λ ≥ 1
− 1
4
[
ln(1+β
1−β )− iπ
]
λ < 1.
(16)
C. Cross-Section
The cross-section for this process at parton level can
be written in CM frame as [42],
σˆ =
1
2sˆ
∫ ∑
|M|2dΦ3, (17)
where dΦ3 is the three-body phase space.
Three body phase space integration can be done easily
by decomposing it into two body phase space integral
(see e.g [43, 44]).
Total cross-section for this process is given by
σ =
∫
dx1dx2f(x1)f(x2)σˆ, (18)
where x1 and x2 are momentum fraction of gluons and
sˆ(= sx1x2) is the square of total CM energy of the system
at parton level. Taking x1x2 = T and x2 as the indepen-
dent variables [39], the total cross-section become
σ =
∫ 1
9m2
H
s
dT
∫ 1
T
dx2
x2
f(
T
x2
, Q) f(x2, Q) σˆ (19)
Here f(x,Q) is the parton distribution function(PDF)
for the gluons. We also find the differential cross-section
for this process to see the behaviour at on mass-shell
condition of Weyl meson,
dσ
ds12
=
∫ 1
9m2
H
s
dT
∫ 1
T
dx2
x2
f(
T
x2
, Q) f(x2, Q)
dσˆ
ds12
. (20)
The differential cross-section for the three Higgs produc-
tion, dσ/dS12, is shown in Fig.4. The total cross-section,
σ, is shown in Fig.5. In these calculations we have used
the CTEQ PDFs1.
We calculated the three Higgs production cross-section
by setting fβ1 = 1, which is the maximum allowed value
of the coupling within the perturbation region. It is
clear from Fig.4 that the differential cross-section vary-
ing smoothly with S12 even in the vicinity of S12 =M
2
S.
This is because the production cross-section for real Weyl
meson is negligible in this theory.
1 http://www.phys.psu.edu/ cteq/
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FIG. 4. Differential cross-section of three Higgs production
at 7 TeV of CM energy for MS = 300GeV . The dashed line
in this figure indicates the position where S12 =M
2
S .
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FIG. 5. Leading order three Higgs production cross-section
at 7 TeV of CM energy for mH = 126GeV .
We find in Fig.5 that the total cross-section for three
Higgs production varies from 1pb at MS ≈ 10GeV to
10−8pb at MS ≈ 1200GeV . Hence the cross-section falls
sharply with increase in the mass of the Weyl meson.
For comparison, the production cross-section for single
Higgs boson with mH = 126, is roughly 3pb. Hence for
small values of the Weyl meson mass, the three Higgs
production cross-section is not negligible compared to
single Higgs cross-section. The background to the three
Higgs cross-section would arise from the top quark loop.
This will include two additional vertices of top quark
with the Higgs boson. Hence the process is suppressed
by (αY t)
2 ≈ 10−2, compared to single Higgs production.
We, therefore, conclude that for small MS < 100GeV , it
may be possible to extract the contribution due to Weyl
meson to three Higgs production cross-section at LHC.
5III. WEYL MESON AS A DARK MATTER
CANDIDATE
The Weyl meson acts as a dark matter candidate since
it interacts only with Higgs boson and no other SM par-
ticles. In Sec. II we wrote down the various interaction
terms for Weyl meson. At very early time in the Uni-
verse, when temperature was very high, Weyl Meson may
remain in thermal equillibrium with other particles by
these interactions. Its number density keeps on changing
by the coannihilation process. But as the temperature of
the Universe drops down to certain level, due to expan-
sion, its interaction rate become less than the expansion
rate and coannihilation process ceases. It gets decoupled
from other particles and its number density freezes out
at this temperature and remains as relic density. In this
section we calculate the coannihilation rate of the Weyl
meson and find the possible values of parameters β1 and
MS by constraining its abundance equal to the observed
dark matter abundance.
A. Coannihilation rate of the Weyl meson
We consider only the dominant processes which will
contribute to the total coannihilation rate of the Weyl
meson, as shown in Fig.6.
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FIG. 6. Weyl meson annihilation processes.
Interaction rate for annihilation process can be written
as
Γ = neq < σv >,
where < σv > is the thermally averaged annihilation
cross section given by, [45, 46]
< σv >=
g2sT
32n2eqπ
4
∫ ∞
4m2s
ds σ
(
P 212
√
s
)
K1
(√
s
T
)
. (21)
HereK1(x) is the modified Bessel function of second kind
of order one, T is the temperature at which proces is
occuring, gs is the number degrees of freedom of the Weyl
meson and P12 is the four momentum in center of mass
frame of incoming particles, which is given by
Pij =
√
s
2
√√√√1− 2
(
m2i +m
2
j
s
)
+
(m2i −m2j)2
s2
. (22)
Let ǫ be the polarisation vector of incoming Weyl me-
son, then the scattering amplitude for annihilation of two
Weyl meson into fermion pair can be written as
M1 =3
2
f2 β1(
√
2Gf )
1
2mtǫµǫµ
∗
( −i
q2 −m2H + imHΓt
)
u¯(p1)v(p2) (23)
∑
spin
|M1|2 =1
4
(
(f2β1v)
2
√
2Gfm
2
t
(s−m2H)2 +m2HΓ 2t
)(
s3
2M4S
)
∗ (1 + 12λ2s − 4λs)(1− 4λb), (24)
where λ is defined as,
λi =
M2i
s .
The top quarks, being massive, will have the dominant
contribution in this case. Now we can write the cross sec-
tion for this process in CM frame of incoming particles,
σ =
∑ |M1|2√1− 4λb
32πP12
√
s
, P12 =
√
s
2
√
1− 4M
2
S
s
. (25)
Hence the resulting coannihilation rate for this process
become
Γ1 =
g2s(f
2β1v)
2Gfm
2
tT
8192
√
2π5M4Sneq∫ ∞
4M2
S
ds
s
7
2
√
1− 4λs(1− 4λs + 12λ2s)
(s−m2H)2 +m2HΓ 2t
K1(
√
s
2
).
(26)
For numerical integration, we change the variable s to x
as,
s
4T 2
− M
2
S
T 2
= x2 (27)
MS
T
= y (28)
and write the expression for neq in term of modified
Bessel function of second kind of order two (K2(x)) (see
[47])
neq =
gs
2π2
TM2SK2(y). (29)
We can simplify the expression for coannihilation rate in
the limit s >> m2H , as we are considering these process
very early in the Universe, when temperature was very
6high. Considering only those terms which are linear in
λi results in coannihilation rate
Γ1 =
gs(f
2β1v)
2Gfm
2
bT
64
√
2π3MSK2(y)y5
∫ ∞
0
dxx4K1
(
2
√
x2 + y2
)
.
(30)
Similarly we can write the coannihilation rate for second
process, whereWeyl meson annihilate into the Higgs pair,
as
Γ2 =
gsMS
(
f2β1
)2
256π3K2(y)y7
∫ ∞
0
dxx4
(
x2 + y2
)2
K1
(
2
√
x2 + y2
)
.
(31)
Next process is the annihilation of Weyl meson with
Higgs particle, for which we have s, t and u channel pro-
cesses. Matrix element of these processes will be sum of
all these channels, i.e M =Ms +Mt +Mu
where
Ms = 9
8
f3β21v
(
ǫµ
(s−M2S)
(gµν − k
µkν
M2S
)kν
)
=
9
8
f3β21v
(
(ǫ.k)(1− s
M2
S
)
(s−M2S)
)
= −9
8
f3β21v
ǫ.ks
M2S
. (32)
Similarly for other channels
Mt = −9
8
f3β21v
ǫ.kt
M2S
, Mu = −9
8
f3β21v
ǫ.ku
M2S
. (33)
We used the subscript on k to define it in different chan-
nels.
The amplitude of this process contains square term of
each channel’s matrix element and also the cross terms,
which we can write by using
(ǫ.ks)(ǫ.kt) =
(p.ks)(p.kt)
M2S
,
and
(ǫ.ks)
2 = kµs (−gµν +
pµpν
M2S
)kνs = −k2s +
(p.ks)
2
M2S
,
p.ks =
k2s + p
2 − q2
2
=
s+M2S −m2H
2
. (34)
We obtain similar expressions for other channels by re-
placing s with t and u, accordingly.
The cross section for this process can be written as,
σ =
1
4P12
√
s
∫ ∑
spin
|M|2dΦ
=
1
4P12
√
s
∫ ∑
spin
(|Ms|2 + |Mt|2 + |Mu|2 (35)
+ 2MsMt + 2MsMu + 2MtMu)dΦ.
Following the same procedure as before, we define the
new variables x, y and y1 such that
y1 =
MS +mH
T
, y =
MS
T
x2 =
s− (MS +mH)2
T 2
, (36)
and write the interaction rate Γ3 in term of these vari-
ables. Here again we simplify the expression in the limit
s >> m2H , and consider only linear terms in MS/s. So
Γ3 will be of this form
Γ3 =
g2s
32nHeqπ
4
∫ ∞
0
dxF (x, y, y1)K1(
√
x2 + y21) (37)
where we have absorbed all other quantities in the func-
tion F (x, y, y1). Total annihilation rate Γ of Weyl meson
is the sum of all three interaction rates, i.e
Γ = Γ1 + Γ2 + Γ3 (38)
B. Decoupling of Weyl meson and its abundance
As the Universe expands, temperature drops down and
probability of annihilation of Weyl meson gets decreased.
At some temperature annihilation rate become equal to
the expansion rate of Universe, known as freeze out tem-
perature Tf . Below this temperature there is no annihila-
tion process, Weyl meson decouples from the surrounding
and moves freely in the Universe. At freeze out tempera-
ture, the number density of Weyl meson nf will get frozen
and decrease only because of expansion of the Universe.
At freeze out temperature Γ = H,
i.e
nf 〈σv〉f =
1.66
√
g∗T 2f
mpl
, (39)
where
〈σv〉f =
(
Γ
neq
)
Tf
, (40)
is the thermally averaged annihilation cross-section at
freeze out temperature Tf and g∗ is the number of rel-
ativistic degrees of freedom of the all species present at
that time. We can write it in invariant form as [48](n
S
)
f
=
74.7
√
g∗
2π2mpl〈σv〉fg∗Tf , (41)
where we have used the formula for entropy density S of
Universe given by,
S =
2π2
45
g∗T 3. (42)
As this quantity remain constant, we obtain,(n
S
)
today
=
(n
S
)
freeze
(43)
7Hence we can write the abundance of Weyl meson in
present Universe,
Ωs =
74.7S0MS
2π2mpl
√
g∗Tfρc〈σv〉f (44)
where S0 is the present value of entropy density, ρc is the
critical density of the Universe and value of g∗ ≈ 106.75
for processes at very high temperature.
Using < σv >f from Eq.(40) and f = MS/mpl, we
solve Eq.(44) numerically for different value of β1 and
MS . We consider the values of Ωs to be equal to present
dark matter density(Ωs ≈ 0.3). In all calculations we
take the mass of Higgs boson mH = 126GeV , as claimed
by CMS and ATLAS groups.
100 1000 10000 1e+05
MS (GeV)
1e+15
1e+16
1e+17
1e+18
1e+19
1e+20
1e+21
β 1
Ω
s
=0.3
Tf=10
10GeV
Tf=10
11GeV
Tf=10
12GeV
Tf=10
13GeV
FIG. 7. Coupling parameter β1, as obtained by constraining
the relic density of Weyl meson to be equal to the dark matter
density(Ωs = 0.3) for different freeze out temperature Tf and
mass MS.
The values of the parameter β1 andMS for decoupling
temperature Tf = 10
10 to 1013GeV are shown in Fig.7.
We find, as expected, the lower β1 leads to higher de-
coupling temperature. Hence for small value of coupling
parameter Weyl meson get decoupled very early in the
Universe. Furthermore β1 also increase with MS .
IV. DECAY OF WEYL MESON
In the previous section we have constrained the val-
ues of coupling parameters from the coannihilation rate
and abundance of Weyl meson. But Weyl meson may
also have the probability to decay into Higgs particles.
So it may be possible that after the decoupling all the
Weyl meson particles have already been decayed and to-
day they may not be present in the Universe. In this
section we calculate the decay rate of the Weyl meson
and constraint its life time to be equal to the age of Uni-
verse. We show that the certain range of parameters β1
and MS satisfiies these conditions.
We consider the simplest process for the decay of Weyl
meson into pairs of Higgs particles and fermions, as
shown in Fig.8
H
H
Sµ
Sµ
H
b¯
b
k
q
p1 p2
k1
k2
FIG. 8. Decay process of Weyl meson.
The amplitude for this process is given by
M =9
8
f3β21v(
√
2Gf )
1
2mb
ǫµkν
(k2 −m2s)(q2 −m2H)
∗
(
gµν − kµkν
m2s
)
u¯(p1)v(p2) (45)
∑
spin
|M|2 =A
2(f3β21)
2(ǫ.k)2(1− k2)2(4p1.p2 − 4m2b)
(k2 −m2s)2(q2 −m2H)2
,
(46)
where A contains all the constant. Now we define four
momenta square s12, s34, such that
k2 = (q1 + q2)
2 = s12, q
2 = (p1 + p2)
2 = s34. (47)
In term of these variables, we find
p1.p2 = (
s34
2
−m2b), (ǫ.k)2 = −s12 +
m2s + s12 − s34
m2s
(48)
and hence the amplitude of this process becomes function
of the variables s12 and s34.
The decay rate for this process is
Γ =
1
2MS
∫ ∑
spin
|M|2dΦ, (49)
where dΦ is the four dimensional phase space integral and
again can be decomposed into product of two dimensional
phase space integral[44]∫
dΦ =
∫
ds12
2π
ds34
2π
dΦ2(pˆ1, pˆ2)dΦ2(qˆ1, qˆ2)dΦ2(qˆ, kˆ)
Here dΦ2(pˆi, pˆj) is the two dimensional phase space inte-
gral in rest frame of particles having momentum pˆi and
pˆj .
8If Weyl meson is a suitable dark matter candidate
then it must be present in today’s Universe. So its life
time(τ = 1/Γ) must be at least equal to or greater than
the age of the Universe. We determine Γ numerically
from Eq.(49) and find those values of β1 and MS for
which the life time of Weyl meson is equal to the age of
the Universe (τ ≈ 1042GeV −1).
We have considered only the simplest process of the
Weyl meson’s decay, as we are interested only in its decay
rate to constrain the value of parameter β1 and massMS.
Final decay products can also be photons or electron-
positron pairs. There are many observations showing the
excess of positrons in cosmic rays [49, 50]. This excess
of positrons may also be due to the decay products of
the Weyl meson. We postpone the detailed analysis and
fitting of the data for future research.
Now we have the posible range of parameter β1 and
mass MS from its relic density condition and its decay
rate constraint. If Weyl meson is the dark matter candi-
date then it must satisfy both of these conditions. Com-
bining these two results we have obtained the possible
values of β1 and MS for the Weyl meson, as shown in
Fig.9.
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FIG. 9. Possible values of parameter β1 and massMS of Weyl
meson to solve the dark matter problem at given decoupling
temperature Tf .
Here decoupling temperature Tf is still an unknown
parameter, but the intersting result which we have ob-
tained is that the mass of the Weyl meson can not be
greater than 500GeV and the parameter β1 has mini-
mum value ≈ 1015. These are the values which the Weyl
meson can have if it is a very weakly interacting particle,
such that it decouple immediately after the reheating of
the Universe(Trh ≈ 1014GeV ). If β1 is smaller than 1015
then the Weyl meson decouples before the reheating of
Universe and no constraint can be imposed on its relic
density. We also find that the low mass range of the Weyl
meson, which may be observable in colliders, is allowed
by cosmological constraints.
V. CONCLUSION
Generalized locally scale invariant Standard Model
leads to the direct coupling between the Weyl meson and
the Higgs boson[35]. Weyl meson has been introduced
in 1929 [13]. In this paper we have discussed the im-
plications of the Weyl meson in collider physics and in
cosmology in detail. We find that in the colliders real
Weyl meson can not be produced for such type of inter-
action, but it can be produced virtually and leads to the
production of three Higgs particles. We have discussed
the three Higgs production process at LHC which can
give us the signature of the Weyl meson for some finite
value of coupling parameter. Furthermore, in this model
Weyl meson acts as a dark matter candidate. We have
discussed how for certain range of coupling parameter
β1 and mass MS Weyl meson can solve the dark matter
problem. Although its decoupling temperature Tf is still
an unknown parameter, but we have found the upper
bound for the Weyl meson massMS and lower bound for
its parameter β1 ( MS < 500GeV , β1 > 10
15) so that it
is in thermal equillibrium with the cosmic fluid at some
early time after the reheating of the Universe. In future
we hope to have some data from colliders and from cos-
mic observations to test this model and to fix the values
of these parameters.
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